To assess the structural changes in the retina caused by a functional blockade of rods and cones and to document the time course of their degeneration. METHODS. Double knockout mice were generated by crossbreeding CNGA3
OPL, because they degenerate almost completely by 3 months after birth. Degenerative changes can also be observed in the IPL; however, they appear to have a slower time course and by 12 months of age the IPL circuitry appears to be surprisingly intact. (Invest Ophthalmol Vis Sci. 2004; 45:2039 -2048 ) DOI: 10.1167/iovs.03-0741 P hotoreceptor degeneration is the most common cause of inherited retinal blindness. The retinal degeneration (rd) mouse is a well-characterized animal model, in which a mutation of the rod-specific phosphodiesterase 1 leads to the loss of nearly all rod photoreceptors in the first 3 weeks of postnatal life. For unknown reasons, the cones are also affected and subsequently degenerate. 2 In addition, second-order neurons of the rd mouse show dramatic morphologic modifications after photoreceptor loss. 3, 4 Photoreceptor degeneration also develops in rhodopsin knockout (Rho Ϫ/Ϫ ) mice, but with a slower time course. 5, 6 Rhodopsin, the visual pigment of the rods, starts the phototransduction cascade, but also serves as a structural protein for the discs in the rod outer segments. Therefore Rho Ϫ/Ϫ mice do not have rod outer segments, and they lose their photoreceptors within 3 months. Rho Ϫ/Ϫ mice lack any rod function, but between postnatal week (Pw)4 and Pw6, when cone degeneration is not yet substantial, these mice can be used to study pure cone function. 7 Photoreceptors respond to light by the closure of a cyclic nucleotide-gated (CNG) cation channel in the plasma membrane, causing hyperpolarization and decrease of the synaptic glutamate release. In rod photoreceptors the CNG channel is formed by the subunits CNGA1 and CNGB1 and in cone photoreceptors by CNGA3 and CNGB3. 8 CNGA3 knockout (CNGA3 Ϫ/Ϫ ) mice lack any cone-mediated photoresponses. 9 Furthermore, the cones in CNGA3 Ϫ/Ϫ mice undergo a progressive degeneration due to unknown molecular events.
For this study, we generated double-mutant mice and investigated the degenerative changes of the retina in the absence of functional photoreceptors. 
Histology
Immunocytochemistry. CNGA3
Ϫ/Ϫ Rho Ϫ/Ϫ double-mutant mice of different ages (Pw3-12, postnatal months [Pm]9 -12) and wt mice of the same ages were deeply anesthetized with halothane (4% in oxygen) and decapitated. The eyes were enucleated, the anterior segments removed, and the posterior eyecups immersion fixed for 10 to 15 minutes in 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) at room temperature. For studying transmitter receptor staining in the IPL, the fixation time was reduced to 5 minutes. Due to the reduced thickness of the mutant retina at Pm9 or later (half the thickness of normal retina) fixation-sensitive antibodies did not work on tissue fixed longer than 5 minutes. After fixation, the retinas were dissected from the eyecup, cryoprotected in graded sucrose solutions (10%, 20%, and 30%) and sectioned vertically at 14 m with a cryostat.
In some experiments, wholemounted retinas were used. Immunocytochemical labeling was performed by the indirect fluorescence method. The sources and working dilutions of antibodies are listed in Table 1 . Sections were incubated overnight with primary antibodies diluted in 5% chemiblocker (Chemicon, Hofheim, Germany) and 0.5% Triton X-100 in phosphate-buffered saline (PBS, pH 7.4). After the sections were washed in PBS, secondary antibodies were applied for 1 hour. These were conjugated to either Alexa 594 (red fluorescence) or Alexa 488 (green fluorescence; Molecular Probes, Eugene, OR). In double-labeling experiments, sections were incubated in a mixture of primary antibodies followed by a mixture of secondary antibodies.
Fluorescent specimens were viewed with a microscope (Axiophot; Carl Zeiss Meditec, Oberkochen, Germany). Digital images were taken with a cooled charge-coupled device (CCD) camera (Spot 2; Diagnostic Instruments, Sterling Heights, MI). Confocal micrographs were taken with a confocal microscope (LSM5 Pascal; Carl Zeiss Meditec) equipped with an argon (Ar) laser and a helium-neon (HeNe) laser. Brightness and contrast of the final images were adjusted by computer (Photoshop 6.0; Adobe, San Diego, CA).
Electron Microscopy. For optimal tissue preservation, posterior eyecups were immersion-fixed for 1 hour in a mixture of 4% paraformaldehyde and 2% glutaraldehyde in 0.1 M cacodylate buffer. After the retina was isolated and dissected into small blocks, tissue was postfixed with osmium tetroxide, stained en bloc with uranyl acetate, dehydrated in ethanol, and embedded in Epon 812. Semithin sections were stained with toluidine blue. Ultrathin sections were viewed with an electron microscope (EM10; Carl Zeiss Meditec).
For comparing the synaptic organization in the outer plexiform layer (OPL) of the CNGA3 Ϫ/Ϫ Rho Ϫ/Ϫ mutant retina with the wt retina, counts were made of rod terminals and their synaptic ribbons at Pw4, FIGURE 1. Records of scotopic ERGs from wt, CNGA3 Ϫ/Ϫ , Rho Ϫ/Ϫ , and CNGA3
Ϫ/Ϫ Rho Ϫ/Ϫ mice at approximately P35. No discernible rod or cone-driven responses were obtained from the double-mutant mice. 
RESULTS

Recordings of the ERG
In the CNGA3 Ϫ/Ϫ Rho Ϫ/Ϫ mouse, no discernible ERG responses from the rod or the cone system were recordable. Figure 1 illustrates this finding for the scotopic ERG in comparison to the single knockout and wt mice. The photopic ERG confirmed the lack of cone function (not shown).
Photoreceptor Degeneration
In the CNGA3 Ϫ/Ϫ Rho Ϫ/Ϫ mouse, progressive photoreceptor degeneration takes place in the first 3 months after birth. After 3 weeks, when maturation of the mouse retina is essentially complete, the retinal layers of the mutant mouse appeared normally developed, only the rod outer segments were missing (not shown). With 2 months, a massive reduction of the outer nuclear layer (ONL) was evident, but the inner retina appeared unaffected (Fig. 2, Pw8.4) . The same was true for a 10-monthold mutant retina. Although the photoreceptors had been completely degenerated for months, the gross morphology, such as the thickness of the inner retinal layers, was still comparable to that of the wt retina (Fig. 2, Pm10) . Figure 3 shows the progression of the photoreceptor degeneration in more detail. Loss of cells in the ONL started at about Pw4. Mutant mice had 8 to 10 rows of photoreceptor nuclei compared with 10 to 12 rows in wt mice. Between Pw7 and Pw8, loss of cells increased significantly, at Pw10, the photoreceptor layer was reduced to one row of nuclei, and at Pw12, the entire ONL was gone in most parts of the retina.
Synaptic Changes in the OPL
The synaptic contacts between photoreceptor terminals, horizontal cell processes, and bipolar cell dendrites appeared relatively normal in the CNGA3 Ϫ/Ϫ Rho Ϫ/Ϫ retina until Pw4. Rod spherules with one triad synapse ( Fig. 4A ) and cone pedicles with multiple triad synapses were found the same as in wt retina. However, quantitative electron microscopic analysis showed that by Pw4, the number of the rod spherules has already decreased to less than half of the wt number (Table 2) . We also found rod spherules with two, three, or more synaptic ribbons and larger numbers of postsynaptic elements. At Pw4, 45% of the rod spherules contained two or more ribbons in the mutant, whereas in the wt, only 4% had more than one ribbon. At Pw5 and Pw6, even more than 80% of the surviving rod spherules had two or more ribbons (Table 2 ).
An antibody against the cytomatrix protein bassoon 11 was used to label the presynaptic ribbon complex in rod spherules and cone pedicles and to follow their extensive FIGURE 2. Toluidine blue-stained vertical semithin section of a wt mouse retina compared to retinal sections of CNGA3 Ϫ/Ϫ Rho Ϫ/Ϫ mice at Pw8.4 and Pm10. The mutant retina showed a massive reduction of the outer nuclear layer (ONL) at Pw8.4, whereas the inner retina appeared unaffected. At Pm10 the outer retina appeared to have degenerated completely, whereas the inner retina did not show substantial morphologic changes. OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bar, 25 m. Morphology of the Retina of the CNGA3 ؊/؊ Rho ؊/؊ Mutant Mouse 2041 degeneration at the light microscopic level. In wt retina, four to six rows of bassoon-labeled ribbons were present, equivalent to the four to six rows of rod spherules, and a clustering of bassoon at cone pedicles was apparent (Fig.  4D ). In the mutant mouse at Pw4, the number of bassoonlabeled ribbons had already decreased, and by Pw10, only a few bassoon-labeled puncta were left (Figs. 4E, 4F). In addition, the characteristic horseshoelike appearance of the bassoon-labeled ribbons turned into ring-shaped structures during the process of degeneration and disappeared at later stages (Figs. 4G, 4H).
Localization of GluR1, mGluR6, ␣1F, and PMCA1 at the Photoreceptor Terminals
We were interested in whether synapse-associated proteins and postsynaptic glutamate receptors aggregate at the photoreceptor terminals in the absence of rod and cone light signaling. In wt mice, the glutamate receptor subunit GluR1 has been shown to be expressed on the dendritic tips of putative OFF bipolar cells making flat contacts at the cone pedicle base. 12 The wholemount view in Figures 5A and 5AЈ demonstrates a high expression of GluR1 at the cone pedicles (circles) of both the wt and the CNGA3
retinas. The only difference we found in the mutant retina was a delayed expression of approximately 1 week. The metabotropic glutamate receptor of invaginating ON bipolar cells, mGluR6, 13, 14 was well expressed at both rod spherules (frame, Fig. 5BЈ ) and cone pedicles in CNGA3 Ϫ/Ϫ Rho Ϫ/Ϫ retinas. The same holds true of the calcium channel subunit ␣1F and the plasma membrane calcium adenosine triphosphatase (ATPase 1; PMCA1). Both have been localized to rod spherules and cone pedicles in rodent retina 15, 16 and both were expressed in the CNGA3 Ϫ/Ϫ Rho Ϫ/Ϫ mouse (Figs. 5CЈ, 5DЈ), indicating that glutamate release and calcium extrusion could take place.
Changes in Second-Order Neurons
Immunofluorescence labeling using selective cell markers, such as calbindin for horizontal cells and protein kinase-C␣ (PKC␣) for rod bipolar cells, 17 revealed a sprouting of their processes into the ONL between Pw4 and Pw7. Figures 6A and 6AЈ show a comparison of calbindin-labeled horizontal cells in wt and CNGA3 Ϫ/Ϫ Rho Ϫ/Ϫ retinas at Pw5. In wt retina, the horizontal cell processes formed a regular and dense plexus, whereas in the mutant retina, many of the horizontal cell processes extended far into the outer as well Ϫ/Ϫ Rho Ϫ/Ϫ retinas. At Pw4 (A) many of the rod spherules showed a normal triad synaptic complex with a presynaptic ribbon (arrow) and three postsynaptic elements, two horizontal cell processes (h), and a rod bipolar cell dendrite (b). At Pw5 (B) and Pw6 (C) an increase in the number of synaptic ribbons and postsynaptic elements in most of the surviving rod spherules was observed (Table 2) 
Rho
Ϫ/Ϫ retinas showing the progressive degeneration of rod terminals in the OPL at the light microscopic level. The synaptic ribbons were visualized with an antibody against the cytomatrix protein bassoon, which labels photoreceptor ribbons in both cone pedicles and rod spherules. In wt retina (D), four to six rows of bassoon labeling was normally seen, equivalent to the rows of rod spherules, and a clustering of bassoon at cone pedicles is visible (arrows). In the mutant at Pw4 (E) the clustering of ribbon synapses at cone pedicles was obvious (arrows), but the number of bassoon-labeled ribbons in rod spherules had already decreased. At as the inner nuclear layer (INL). We observed similar morphologic changes in the Rho Ϫ/Ϫ retina (Fig. 6B) , and doublelabeling experiments with calbindin and bassoon showed that the outgrowing horizontal cell processes were in contact with ectopic photoreceptor ribbons (Figs. 6B, 6BЈ , circles).
After 3 months, dendrites of rod and cone bipolar cells and thin processes of horizontal cells had mostly retracted (not shown).
Morphologic Changes in the Rod Bipolar Cell Axon Terminals at Later Stages of Retinal Degeneration
To analyze possible long-term changes in the inner retina of CNGA3 Ϫ/Ϫ Rho Ϫ/Ϫ mice after total loss of photoreceptors, 9 to 12-month-old animals were investigated. The coarse structure of the inner retina was not affected significantly in the mutant (Fig. 2, Pm10) ; however, the axon terminals of rod bipolar cells showed dramatic alterations at Pm9 (Fig. 7) . In the wt retina, PKC␣-labeled rod bipolar cell axons terminated in lobular varicosities at the inner margin of the IPL (Fig. 7A) . In the mutant at Pw4, axon terminals and ribbon synapses of rod bipolar cells were normally developed (Figs.  7AЈ, 7CЈ ) and did not show any alterations at least until Pw7. At later stages of retinal degeneration, however, some of the terminals had retracted and some of them appeared swollen compared with wt terminals (Fig. 7AЉ ). Double labeling with PKC␣ and antibodies against the ribbon marker kinesin 18 demonstrated that ribbons were more or less absent from the swollen rod bipolar cell terminals (data not shown), and by electron microscope, only rudimentary ribbon synapses were visible (Fig. 7CЉ) .
In contrast, the rod bipolar-driven AII amacrine cells (which can be labeled in mouse retina with an antibody against disabled 1 19 ) showed no striking alterations in the mutant retina at all the ages tested (Figs. 7B, 7BЈ, 7BЉ ).
Fine Structure of the IPL: Stratification Pattern and Distribution of Synapses
Antibodies against the calcium-binding proteins calretinin and CaB5 have been used to analyze the stratification pattern within the IPL (Fig. 8) . Calretinin immunofluorescence reveals the perikarya of many amacrine cells, displaced amacrine cells and ganglion cells, and three strata of dense processes within the IPL, the two cholinergic bands and one band in the center of the IPL. 17 The staining pattern of the IPL of a 12-month-old mutant mouse was similar to the wt retina. Three bands of processes were visible, only the space between band 3 and the GCL, where the rod bipolar cells terminate, was reduced. The cell bodies appeared more strongly labeled in the mutant retina (Figs. 8A, 8AЈ ). CaB5 stains three distinct layers of bipolar cell axon terminals in the IPL, representing three distinct bipolar cell types. 20, 21 The staining pattern of the OFF-and ON-cone bipolar cell axon terminals was comparable in wt and mutant retinal sections (Figs. 8B, 8BЈ ), but the axon terminals of the rod bipolar cells showed some alterations, which were described in detail in the previous section.
Antibodies against kinesin have been used to visualize the bipolar cell ribbon synapses in the IPL (Figs. 8C, 8CЈ) . The immunofluorescence revealed punctate staining throughout the IPL, and no difference was detectable between wt and mutant retina, except for a decreased staining pattern in the innermost IPL of the mutant where the rod bipolar cells terminate (see previous section). This suggests that the output synapses of the cone bipolar cells were not yet affected in the mutant retina. These findings were supported by electron microscopic data showing perfect ribbon synapses in axon terminals of ONand OFF-cone bipolar cells in CNGA3 Ϫ/Ϫ Rho Ϫ/Ϫ mice (Fig. 8D) .
For immunostaining amacrine cell processes, we used an antibody against the vesicular ␥-aminobutyric acid (GABA)/glycine transporter (VGAT). 22 VGAT immunoreac- tivity was strong in all laminae of the IPL and no significant difference was observed between wt and mutant mice (Figs. 8E, 8EЈ). We found no difference in the ultrastructure of conventional synapses (Fig. 8F) ; however, we had the impression that the number of amacrine cell synapses was increased. Although we have no statistical data on this, an increased number of conventional synapses would fit with quantitative electron microscopic data from light-deprived retinas.
23,24
Distribution of Inhibitory and Excitatory Transmitter Receptors within the IPL
It has been shown that the clustering of transmitter receptors in postsynaptic densities is a dynamic, activity-dependent process. 25, 26 Because pathologic changes in the retina may cause redistribution and a possible deaggregation of transmitter receptors, it was important to investigate the expression level and the clustering of the different receptors in the CNGA3 Ϫ/Ϫ Rho Ϫ/Ϫ retina. Glutamate is the major excitatory transmitter of the retina, and GABA and glycine are the major inhibitory transmitters. Molecular cloning has shown that the receptors to which these transmitters bind consists of multiple subunits, and these subunits exhibit distinct patterns of stratification in the IPL and are clustered in different synapses (for normal mouse retina, see Ref. 17) . We tested a variety of receptor types in the CNGA3 Ϫ/Ϫ Rho Ϫ/Ϫ mouse, and all of them showed the same pattern of distribution as observed in wt retina. This was true in retinas of mutant mice at Pw4 (not shown); however, we were surprised to find a comparable clustering of transmitter receptors in 12-month-old mice as well (Fig. 9 ), when all photoreceptors had long since degenerated. The ␣2 subunit of the GABA A receptor, for example, showed two distinct bands of higher density at the cholinergic strata (Figs. 9A, 9AЈ) , whereas the GlyR ␣3 subunit showed punctate labeling in four characteristic bands (Fig. 9B, 9BЈ) . 27 Immunoreactive puncta of the glutamate receptor subunit GluR2/3 were found at high density throughout the IPL, except for the innermost layer in mutant retina where the rod bipolar axon terminals were partially retracted (Fig. 9C, 9CЈ ).
In addition, in rare cases, dislocated receptor clustering associated with sprouting bipolar and ganglion cell processes showed up in the INL (not shown) which might be comparable to the microneuromas (new foci of synaptic neuropil) recently described in different photoreceptor degeneration models.
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DISCUSSION
By cross-breeding CNGA3
Ϫ/Ϫ and Rho Ϫ/Ϫ animals, we were able to obtain mice without any photoreceptor light responses throughout their entire lifespan. The lack of such function was verified by electroretinography (ERG). The question we wanted to answer with these mice was how the other more downstream parts of the retina would react to never receiving any light-driven input from photoreceptors.
We found that CNGA3 Ϫ/Ϫ Rho Ϫ/Ϫ double-mutant mice show a progressive degeneration of all photoreceptors within 3 months after birth. However, throughout the first weeks of life, until Pw7, presynaptic markers and postsynaptic glutamate receptors are well expressed in the OPL, suggesting neurotransmission could take place. This indicates that photoreceptor light responses are not essential for the structural development of their output synapses after eye opening.
During the first weeks of photoreceptor degeneration, some of the surviving rod spherules showed an increase in the number of their synaptic ribbons and postsynaptic elements. This kind of synaptic plasticity in rod spherules after partial photoreceptor loss has been reported in rds mutant mice 29 and in light-damaged albino mice 30 and has been interpreted as a reaction to the reduction of afferent input to the postsynaptic components. The phenomenon that horizontal and rod bipolar cell processes grow into the ONL, where they form ectopic synapses with rod photoreceptors, has not been described in a photoreceptor-degeneration model before. But similar findings have been made in totally different models, such as in a mutant mouse retina deficient of functional bassoon 31 and in cat retina after retinal detachment. 32 However, the molecular mechanisms mediating neurite outgrowth and the genesis of ectopic synapses in these diverse animal models are unknown.
Nine-month-old CNGA3 Ϫ/Ϫ Rho Ϫ/Ϫ mouse retinas showed degenerative changes of rod bipolar axon terminals and of their output synapses. In contrast, the cone pathway in the IPL appeared to be mostly unchanged until Pm12. It is possible that this only reflects the different time course of the degeneration of rods and cones. Rods disappear first; therefore, the secondary degeneration within the rod pathway is expected to occur earlier. Cones degenerate later and it is possible that the secondary degenerative changes in the IPL occur only later than the 12 months we have studied so far. It is known that retinal remodeling starts at about postnatal day 200 to 600, depending on the degeneration model, 33 so we expect to find more severe defects in the inner retina of our mutant mice at later stages of degeneration.
Nevertheless, the finding of a preservation of inner retinal cells and connectivity is an important prerequisite for the success of therapeutic strategies in degenerative retinopathies like gene therapy, 34 photoreceptor transplantation, 35 or technical implants, which focus mostly on the restoration of outer retinal function. It remains to be shown whether cortical structures also keep sufficient plasticity to make use of such restored signals. Because of the absence of any light-driven photoreceptor input, the CNGA3 Ϫ/Ϫ Rho Ϫ/Ϫ mouse may furthermore be a good model to answer the question of functional integration of retinal transplants. So far, most transplantation studies have used the rd mouse model. Gouras and Tanabe 36 showed that in 1-month-old rd mice, retinal transplants of neonatal microaggregates exhibit development of photoreceptors with outer segments and that such transplants survive well for at least 8 months, but they found only rare examples of possible synaptic contacts between transplants and host retina. One explanation of the absence of functional integration may be the reduced ability of mature host retinal neurons to form new synapses. However, in various animal models ectopic synaptogenesis takes place in mature retina. 31, 32, 37 Another reason for missing functional integration may be the dramatic changes of second-order neurons that have been observed in 1-month-old rd retinas. 3, 4 Retinal degeneration is very fast in the rd mouse, with active photoreceptor loss occurring in parallel with the development of the retina, whereas in the CNGA3 Ϫ/Ϫ Rho Ϫ/Ϫ mouse, retinal maturation appears normal and photoreceptor degeneration is significantly delayed compared with that of the rd retina. The lack of functional photoreceptor output is obviously not equal to the lack of photoreceptor cells, and their presence is evidently enough to lead to the formation of a normal stratification pattern within the retina.
Given that morphologic alterations in second-order neurons appear much later in the CNGA3 Ϫ/Ϫ Rho Ϫ/Ϫ retina than in the fast-degenerating rd retina, the CNGA3 Ϫ/Ϫ Rho Ϫ/Ϫ mouse may turn out to be a better model to study the feasibility of retinal transplantation. 
